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The origin of new genes is critical for organisms adapting to new niches. Here, we present evidence
for a recent de novo origin of at least 13 protein-coding genes in the genome of Plasmodium vivax.
Although recently de novo originated genes have often been suggested to be initially intronless, ﬁve
of the genes identiﬁed in our analysis contain introns in their coding regions. Further investigations
revealed that these introns likely evolved from previously intergenic regions together with the cod-
ing sequences. We discuss the potential mechanisms for intron formation in these genes and pro-
pose that intronization be considered in the formation of de novo originated genes.
Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
The origin of new genes is one of the central issues in evolution-
ary biology [1]. Several mechanisms, including gene duplication,
retroposition, gene fusion/ﬁssion and horizontal gene transfer,
have contributed to the birth of new genes [1–3]. A characteristic
for these mechanisms is a preexisting gene that serves as the
‘‘mother’’ for the new gene. However, recent studies revealed de
novo gene origin from non-coding DNA sequences, which is a
motherless mechanism, in ﬂies [4,5], yeasts [6], humans [7,8],
and primates [9]. Such genes are true orphan genes and may gain
special functions through directional selection [10]. Additionally, it
has often been suggested that the coding sequences of these new
genes were short and initially intronless, presumably because of
the complexity of intron splicing signals [7,11,12].
Plasmodium vivax is a malarial parasite that commonly infects
humans. In this study, we identiﬁed newly de novo originated
genes in P. vivax by performing a comparative genome analysis
with P. knowlesi and P. falciparum. All these three species share
highly conserved gene synteny [13]. In particular, P. vivax and P.
knowlesi are closely related [14] and their chromosomes differ
mainly in species-speciﬁc genes [13]. We show that multiple de
novo evolved genes identiﬁed in our analysis contain introns in
their coding regions. Furthermore, we discuss the potential mech-
anisms for the creation of introns in these new genes.lf of the Federation of European Bi2. Materials and methods
Protein sequences of 13 well annotated apicomplexan genomes
(or species) (Supplementary Table 1) were downloaded from NCBI.
Orthologous gene clusters. Singleton genes were identiﬁed using
OrthoMCL [15], which is considered to be the best tool currently
available for clustering genes from multiple genomes into gene
families [16]. Genes that were not included in any orthologous
gene clusters were considered species-speciﬁc only if they were
at least 50 aa in length. To exclude new genes originated from gene
duplication, accelerated nucleotide substitution and horizontal
gene transfer, we compared the sequence similarity/identity be-
tween P. vivax-speciﬁc genes and evolutionarily conserved genes
and singleton genes, both within the P. vivax genome and between
P. vivax and the other two sampled genomes. In addition, we also
searched the NCBI nr database for homologs of these P. vivax-spe-
ciﬁc genes.
DNA sequences of the P. vivax-speciﬁc genes were aligned with
syntenic intergenic regions from P. knowlesi and P. falciparum using
ClustalX [17], followed by manual reﬁnement. The alignments
were displayed using software Gendoc (http://www.nrbsc.org/
gfx/genedoc/).
3. Results and discussion
3.1. Recent de novo origin of protein-coding genes in P. vivax
OrthoMCL analyses of all protein-coding genes in 13 selected
apicomplexan genomes generated 9787 orthologous gene clusters
and 13 797 singleton genes. Among all singleton genes, 174ochemical Societies.
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ity to any other protein sequences in the NCBI nr database, indicat-
ing that they are orphan genes. We searched the syntenic regions in
the genomes of P. falciparum and P. knowlesi to identify the orthol-
ogous DNA sequences for the 61 P. vivax orphan genes. A criterion of
at least 35% nucleotide sequence identity was used to identify the
homologous relationship. This criterion was chosen based on
results of similar studies on Saccharomyces [6] and the signiﬁcant
difference in GC content between P. vivax and P. falciparum (see fol-
lowing discussions) [13,18]. A P. vivax orphan gene was considered
as de novo evolved if it is homologous to corresponding non-coding
DNA sequences in P. falciparum and/or P. knowlesi and if its neigh-
boring genes are conserved in the three genomes. Altogether, 26
candidates of recently de novo evolved genes were identiﬁed in P.
vivax (Supplementary Table 2). As expected [7,8], sequences of
the predicted proteins encoded by these candidates are short in
length, ranging from 52 to 219 amino acids. On the other hand,
although it was often suggested that recently de novo originated
genes tend to overlap preexisting genes on opposite strands [7,8],
none of these candidates in P. vivax overlaps other genes.
We further searched the NCBI dbEST for expression evidence
and found that 21 out of the 26 candidate genes each had at least
one EST hit. In addition, 13 genes contained at least one full-length,
spliced cDNA sequence, while their homologous sequences in syn-
tenic regions of P. knowlesi and P. falciparum did not have signiﬁ-
cant hits in dbEST. It should be noted that the P. vivax genes we
used in the analyses were strictly based on gene prediction, which
might contain false positives, in particular for short sequences.
However, the expression evidence of these 13 genes suggests that
they most likely are functional or at least have coding potentials
(Fig. 1 and Supplementary Figs. 1–12). For example, the gene
PVX_090235 encodes a hypothetical protein of 152 amino acids in
P. vivax (Supplementary Fig. 1). The corresponding regions in both
P. knowlesi and P. falciparum do not have a coding capability, but
their homology with PVX_090235 is evidenced by a 60% sequence
identity between P. vivax and P. knowlesi. Additionally, the ﬂanking
genes are homologous and conserved in physical order in all three
sampled Plasmodium genomes. These observations suggest that
PVX_090235 most probably evolved in P. vivax from a previously
non-coding sequence. An alternative scenario is that this gene orig-
inated in the Plasmodium ancestor and was secondarily degener-
ated in other Plasmodium species. Such a scenario entails many
independent gene loss events, which seems unlikely.
Among the 13 de novo originated P. vivax genes with available
full-length cDNAs, their overall DNA sequence identities with
homologous regions in P. knowlesi range from 49% to 83%, despite
multiple large insertions/deletions (indels) in the alignments. The
sequence identities between these genes in P. vivax and their cor-
responding regions in P. falciparum are considerably lower. This
may have resulted from different time frames allowed for se-
quence divergence: 75–165 million years between the split of P.
falciparum and other infrageneric species [19] versus 20–25 million
years between P. vivax and P. knowlesi [14]. Additionally, the GC
content of P. vivax is similar to that of P. knowlesi, but 2–3 times
higher than that of P. falciparum [13,18]. Such a signiﬁcant differ-
ence in GC content may also affect sequence divergence among
the three Plasmodium species.
Although the orthologous DNA sequences in P. knowlesi are sim-
ilar to new genes in P. vivax, they do not posses the ability to en-
code proteins. We examined the homologous P. knowlesi DNA
sequences for (1) the presence/absence of start and/or stop codons,
and (2) indels and substitutions resulting in an early stop codon. In
most cases, both scenarios were found in P. knowlesi. For instance,
the orthologous sequences for genes PVX_082870 and PVX_099610
seem to posses start and stop codons, but other early stop codons
exist because of frameshifts induced by indels (SupplementaryFigs. 2 and 3). Based on sequence alignments, it appears that acqui-
sitions of start and stop codons for the identiﬁed genes in P. vivax
mostly resulted from mutations of one or two nucleotides (Supple-
mentary Figs. 1–12). In addition, indels may also be responsible for
the origin of start or stop codons for some genes, such as
PVX_087150 and PVX_117720 (Supplementary Figs. 4 and 5).
3.2. Introns in recently de novo originated genes
Although the absence of introns in coding regions was often re-
garded as a distinct feature of recently de novo originated genes
[7,12], ﬁve such genes in P. vivax possess introns in their coding re-
gions. In addition, another gene (PVX_082870) contains an intron in
its 50-untranslated region (50-UTR). The gene PVX_098005 encodes
a hypothetical protein of 140 amino acids. No exon was found in
its orthologous regions in the genomes P. knowlesi and P. falciparum
(Fig. 1). The conserved gene order in the ﬂanking regions of this
gene across the three Plasmodium species suggests that these re-
gions are vertically inherited from an ancestral species. The identi-
ties between PVX_098005 and its orthologous sequences in P.
knowlesi for UTR, ORF and intron regions are 57%, 49% and 56%,
respectively. High sequence similarities were also found between
other four de novo originated genes and their orthologous
non-coding regions in P. knowlesi and P. falciparum, indicating that
introns in these new genes might have originated directly from
formerly intergenic regions.
Our data show that the acquisition of splicing signals, although
critical for intron creation, may be accomplished through simple
mutations. For instance, PVX_098005 is a de novo evolved gene in
P. vivax and it contains an intron with typical GT and AG dinucleo-
tides in its splice donor and acceptor sites. In P. knowlesi, a dinucle-
otideGT also exists in the position corresponding to the donor site of
PVX_098005 (Fig. 1), suggesting that this dinucleotidemay be inher-
ited from an ancestral species and used as splicing boundary in P. vi-
vax. The acquisition of the acceptor site of this intron may be best
explained by a single nucleotide mutation, given that the dinucleo-
tide in the corresponding position is GC in P. knowlesi andAT in P. fal-
ciparum, respectively. Interestingly, donor sites for introns in P. vivax
tend to use the preexistingdinucleotides. For 3 out of 5 introns in the
de novo originated genes identiﬁed in P. vivax, theGT dinucleotide is
also found in the corresponding positions in P. knowlesi; in contrast,
onlyoneAGdinucleotide is present in the correspondingpositionsof
acceptor sites. We speculate that these dinucleotides might have
been inherited from an ancestral species and recruited as splicing
boundaries for introns in P. vivax. Althoughmany indels existwithin
the introns of the de novo evolved genes identiﬁed in P. vivax, they
arenot adjacent to splice sites and therefore appearnot tobedirectly
responsible for the creation of introns.
3.3. Potential mechanisms for intronization in de novo originated
genes
De novo gene generation played an important role in the expan-
sion of genetic repertoire of modern organisms [6,7,20]. Two major
steps are required for the origin of a protein-coding gene from pre-
viously non-coding DNAs: the DNA sequencemust gain the capabil-
ity of transcription and then the capability of translation. This
hypothesis has gained support from analyses of a new gene in
yeasts [6], but it only applies to de novo originated genes without
introns in their coding regions. Although the presence of introns
in de novo originated genes was also observed in Drosophila [4],
all these introns were located in untranslated regions. In our study,
ﬁve de novo originated genes in P. vivax were found to contain in-
trons in their coding regions. This ﬁnding suggests that intro-
nization should be considered in the formation of new genes.
Traditionally, intron generation has often been linked to mecha-
Fig. 1. Sequence comparison of PVX_098005 in P. vivax and its homologous non-coding DNAs from related species. (A) Part of the conserved syntenic block ﬂanking
PVX_098005 in genomes of P. vivax, P. knowlesi and P. falciparum. Only protein coding genes are shown. Genes are indicated by rectangular boxes, and non-coding regions by
lines. Boxes in the same color show orthologous genes. (B) Alignment of PVX_098005 and its orthologous regions in P. knowlesi and P. falciparum. Lower-case letters indicate
the UTR region in P. vivax, underlined letters show the intron, and capital letters show coding regions. The putative amino acids are shown above the coding regions.
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genomic duplication, intron transfer between paralogs, and self-
splicing type II intron insertion [21–23]. The common feature for
these mechanisms is a sequence insertion leading to the spread of
an existing intron or a duplication event resulting in the creation
of a new intron. Recently, intronization of exonic sequences has also
been found in Caenorhabditis [22]. Conceivably, the process of intro-
nization in de novo originated genes may have occurred either be-
fore or after the acquisition of a translatable ORF. Because the
length of most introns (4 out of 5 in P. vivax) is not a multiple of
three bases, intronization after acquisition of a translatable ORFwill
likely introduce frameshifts within the gene. Therefore, we reason
that intronization prior to the acquisition of translatability may oc-
cur more frequently in the origin of intron-containing novel genes.
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